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ABSTRACT Linezolid is administered as a fixed dose to all patients despite evidence of
increased exposure and myelosuppression in renal impairment. The objectives of these
studies were to assess the risk of thrombocytopenia with standard-dose linezolid in
renal impairment and to identify an alternate dosing strategy. In study 1, data from
adult patients receiving linezolid for �10 days were retrospectively reviewed to de-
termine the frequency of thrombocytopenia in patients with and without renal impair-
ment. Time-to-event analyses were performed using Cox proportional-hazards models.
In study 2, population pharmacokinetic modeling was employed to build covariate-
structured models using an independent data set of linezolid concentrations ob-
tained during routine therapeutic drug monitoring (TDM). Monte Carlo simulations
were performed to identify linezolid dosing regimens that maximized attainment of
therapeutic trough concentrations (2 to 8 mg/liter) across various renal-function
groups. Toxicity analysis (study 1) included 341 patients, 133 (39.0%) with renal im-
pairment. Thrombocytopenia occurred more frequently among patients with renal
impairment (42.9% versus 16.8%; P � 0.001), and renal impairment was indepen-
dently associated with this toxicity in multivariable analysis (adjusted hazard ratio
[aHR], 2.37; 95% confidence interval [CI], 1.52 to 3.68). Pharmacokinetic analyses
(study 2) included 1,309 linezolid concentrations from 603 adult patients. Age, body
surface area, and estimated glomerular filtration rate (eGFR) were identified as cova-
riates of linezolid clearance. Linezolid dose reductions improved the probability of
achieving optimal exposures in simulated patients with eGFR values of �60 ml/min.
Thrombocytopenia occurs more frequently in patients with renal impairment receiv-
ing standard linezolid doses. Linezolid dose reduction and trough-based TDM are pre-
dicted to mitigate this treatment-limiting toxicity.

KEYWORDS glomerular filtration rate, kidney, myelosuppression, oxazolidinones,
pharmacokinetics, thrombocytopenia

Linezolid is an oxazolidinone antibiotic active against multidrug-resistant pathogens,
including methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant

enterococci (VRE), and Mycobacterium tuberculosis (1, 2). In clinical trials, linezolid dem-
onstrated good efficacy and safety when used to treat infections requiring �14 days of
therapy; however, postmarketing studies soon identified thrombocytopenia with lon-
ger durations of treatment (3–5). This myelosuppression limits the utility of linezolid for
complicated infections requiring �14 days of therapy.

Approximately 30% to 40% of the linezolid dose is eliminated unchanged in the
urine, and renal function is a significant source of interpatient variability in linezolid
clearance (CL) (2, 6–8). The use of a fixed dose in renal impairment is based on a
single-dose pharmacokinetic (PK) study conducted in uninfected persons with renal
impairment, which may not reflect linezolid PK after multiple dosing in infected patients
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(9). Indeed, reports soon emerged of increased thrombocytopenia in this population
with multiple-dose administration (10, 11). This finding has since been replicated in
multiple observational studies, most of which have been conducted in Asian popula-
tions (12–19).

A clear exposure-response relationship has been identified for thrombocytopenia
among patients receiving linezolid (20). Linezolid trough concentrations above 7 to
8 mg/liter have been consistently associated with greater odds of developing throm-
bocytopenia (21–25). Furthermore, renal impairment has been identified as a significant
risk factor for elevated linezolid trough concentrations in real-world clinical studies (26,
27). Thus, observational data indicate that patients with renal impairment are at a
higher risk for both supratherapeutic linezolid exposure and toxicity, which suggests
that dose modification, or at least more frequent monitoring, may be necessary in this
patient population. However, existing toxicity studies are limited largely to Asian
patient populations and do not employ time-to-event analyses despite the known
impact of duration of therapy on thrombocytopenia risk. The objectives of this analysis
were 2-fold: (i) to assess the relationship between renal impairment and thrombocy-
topenia in patients receiving linezolid and (ii) to identify the impact of patient renal
function on linezolid CL using real-world data from routine therapeutic drug monitor-
ing (TDM) in order to determine pragmatic dose modifications for patients with renal
impairment.

RESULTS
Toxicity. A total of 341 patients met the criteria for inclusion in study 1, 133 (39.0%)

with and 208 (61.0%) without renal impairment. Aggregate demographic and clinical
baseline characteristics of these patients are listed in Table 1 (study 1). Abbreviations
and baseline characteristics stratified by estimated glomerular filtration rate (eGFR) are
displayed in Table S2 in the supplemental material. Patients with renal impairment
(eGFR � 60 ml/min/1.73 m2) were older (59 � 15 versus 50 � 17 years; P � 0.001), had
a higher body mass index (32.4 � 12.7 versus 28.9 � 10.4 kg/m2; P � 0.005), and had a
higher degree of comorbidity {Charlson comorbidity index, [median (25th percentile,
75th percentile)], 5 (3, 7) versus 3 (1, 7); P � 0.001}. Baseline laboratory values were

TABLE 1 Baseline characteristics of patients included in study 1 and study 2

Characteristic

Valueb

Study 1 Study 2

Demographic
n 341 603
Age (yr) 54 (17) 62 (15)
Sex

Male 199 (58.4%) 409 (67.8%)
Female 142 (41.6%) 194 (32.2%)

Ht (cm) 171 (11) 171 (9)
Wt (kg) 88 (31) 76 (19)
Body surface area (m2) 2.02 (0.36) 1.89 (0.25)
Body mass index (kg/m2) 30.3 (11.5) 26.1 (6.1)

Clinical
Charlson comorbidity index 4 (2, 7)
Intensive care unit 88 (66.2%) 230 (38.1%)
eGFRa (ml/min/1.73 m2) 78 (43) 75 (35)
eGFR (ml/min) 88 (49) 81 (39)

Laboratory
Serum creatinine (mg/dl) 1.46 (1.43) 1.31 (1.23)
Total bilirubin (mg/dl) 0.81 (0.99)
Hemoglobin (g/dl) 9.4 (1.9)
Platelet count (103 cells/�l) 279.5 (151.8)

aThe eGFR was calculated using the CKDEPI equation.
bData are presented as n (%), mean (standard deviation), or median (interquartile range). Study 1, toxicity;
study 2, pharmacokinetics.
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more commonly abnormal in patients with renal impairment, including total bilirubin
(1.0 � 1.2 versus 0.7 � 0.8 mg/dl; P � 0.001), platelet count (231 � 103 � 109 � 103 versus
311 � 103 � 167 � 103 cells/�l; P � 0.001), and hemoglobin (9.0 � 1.7 versus 9.6 � 1.9
g/dl; P � 0.001). The median (interquartile range [IQR]) duration of linezolid therapy was
21 (14, 32) days in patients with renal impairment and 19 (14, 33) days in patients
without renal impairment (P � 0.89).

In total, 92 (27.0%) patients developed thrombocytopenia and 47 (13.8%) developed
severe thrombocytopenia. Both thrombocytopenia (42.9% versus 16.8%; P � 0.001) and
severe thrombocytopenia (19.5% versus 10.1%; P � 0.02) occurred more frequently
among patients with renal impairment (eGFR � 60 ml/min/1.73 m2) than among those
with normal renal function (eGFR � 60 ml/min/1.73 m2). An unadjusted Kaplan-Meier
plot of thrombocytopenia as a function of eGFR is displayed in Fig. 1. Renal impairment
was associated with an increased risk of thrombocytopenia in univariable and multi-
variable Cox proportional-hazard model analyses (Table 2). A low platelet count and
high total bilirubin at baseline were independently associated with thrombocytopenia.
A sensitivity analysis was conducted using severe thrombocytopenia as the outcome of
interest to evaluate whether the effect of renal impairment was limited to mild reductions
in platelet count. In this analysis, renal impairment (adjusted hazard ratio [aHR], 1.85;
95% confidence interval [CI], 1.03 to 3.33) and low baseline platelet count (aHR, 1.89;
95% CI, 1.12 to 3.52) were also found to be independently associated with severe
thrombocytopenia.

Pharmacokinetics. A total of 603 patients contributed 1,309 linezolid plasma concen-
trations for the independent PK analysis in study 2. Table 1 provides a summary of the

FIG 1 Unadjusted Kaplan-Meier plot of thrombocytopenia among patients with and without renal
impairment treated with linezolid in study 1. Thrombocytopenia was defined as a platelet count of
�112.5 � 103 cells/�l (75% lower limit of normal) at any time during therapy for patients with platelet
counts above the lower limit of normal (150 � 103 cells/�l) at baseline. For patients with platelet counts
below the lower limit of normal at baseline (75 � 103 to 149 � 103 cells/�l), thrombocytopenia was
defined as a 25% reduction from the baseline value.
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demographic and clinical characteristics of the included patients (study 2). The labeled
linezolid dosing regimen (600 mg every 12 h) was used initially in 98.2% of patients
through either the oral (45.1%) or intravenous (54.9%) routes. The median (IQR)
linezolid peak (Cmax) and trough (Cmin) concentrations were 15.06 (11.85, 20.49) and
5.71 (2.92, 9.84) mg/liter, respectively. Plots of linezolid concentrations versus time since
last dose used in model development can be found in Fig. S1 and S2 in the supplemental
material.

A 1-compartment model with linear elimination provided the best fit of the ob-
served concentration-time data based on reduction in the objective function value
(OFV) and visual inspection of diagnostic plots (see Fig. S3 in the supplemental
material). Between-subject variability (BSV) could be estimated for both CL and volume
(V), but not the absorption rate constant (Ka), in the base model. Parameter estimates
from the base model are provided in Table S3 in the supplemental material. Covariate
model building identified eGFR (in milliliters per minute), body surface area (BSA), and
age as covariates of linezolid CL and BSA as a covariate of V (see Tables S4 and S5 in
the supplemental material). These covariates were not strongly correlated with one
another in the population (| r | � 0.4). A table of parameter estimates (see Table S6 in
the supplemental material) from the final covariate-structured model, as well as the
population (see Fig. S4 and S7 in the supplemental material) and individual (see Fig. S5
and S6 in the supplemental material) level diagnostic plots, are provided in the
supplemental material. The mean (standard deviation [SD]) individual empirical Bayes-
ian estimates of linezolid CL and V were 4.95 (2.38) liters/h and 44.0 (11.2) liters,
respectively, across all patients, with Ka estimated at 1.40 h�1 in the population.
Patients with renal impairment (eGFR � 60 ml/min) had significantly lower mean (SD)
individual linezolid CL than those with normal renal function [3.80 (1.94) versus 5.47
(2.38) liters/h; P � 0.001].

The simulated probabilities of achieving a therapeutic Cmin (2 to 8 mg/liter) were
60%, 52%, and 33% with eGFR values of �90 ml/min, 60 to 89 ml/min, and �60 ml/min
using a standard linezolid dose of 600 mg every 12 h (q12h) (Table 3). The low
probability of attaining therapeutic Cmin values in patients with renal impairment is
primarily due to an increase in the probability of attaining supratherapeutic Cmin values
(�8 mg/liter) at an eGFR of �60 ml/min (53% to 65%) compared to an eGFR of
�60 ml/min (19% to 40%) at this dosage. An empirical dose reduction to 300 mg every
12 h provided the best balance of safety and efficacy, achieving therapeutic (2 to 8
mg/liter) concentrations in approximately 65% of simulated patients with eGFR of
�60 ml/min. An initial dose of 600 mg every 12 h remained optimal in simulated

TABLE 2 Univariable and multivariable Cox proportional-hazards model analysis of
thrombocytopenia among patients in study 1

Variable

Univariable analysis Multivariable analysise

HR 95% CI P value aHR 95% CI P value

Renal impairmenta 3.05 2.00–4.65 �0.001 2.37 1.52–3.68 0.0001
Age (yr) 1.01 0.99–1.00 0.10
Male 0.78 0.52–1.18 0.20
Caucasian 0.70 0.44–1.14 0.10
Ht (cm) 0.99 0.97–1.00 0.09 0.99 0.97–1.00 0.13
Wt (kg) 1.00 0.99–1.00 0.70
BMIb (kg/m2) 1.00 0.98–1.02 0.90
Charlson index 1.08 1.03–1.13 0.001 1.04 0.99–1.10 0.12
Low baseline

platelet countc

2.88 1.87–4.43 �0.001 2.17 1.40–3.38 0.0006

High baseline
total bilirubind

3.16 2.02–4.93 �0.001 2.44 1.54–3.88 0.0002

aeGFR, �60 ml/min/1.73 m2.
bBMI, body mass index.
cPlatelet count, �150 � 103 cells/�l.
dTotal bilirubin, �1.2 mg/dl.
eBoldface indicates statistically significant variables independently associated with thrombocytopenia.
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patients with eGFRs of �60 ml/min; however, an increased dose of 450 to 600 mg every
8 h may be needed to ensure at least 90% of patients achieve concentrations associated
with efficacy (�2 mg/liter) at eGFR of �90 ml/min.

DISCUSSION

Linezolid is currently administered as a fixed dose of 600 mg every 12 h despite high
between-subject variability in exposure, reduced CL in renal impairment, and a known
association between high exposure and thrombocytopenia. The only labeled warning
for increased linezolid toxicity is with prolonged therapy (�14 days), which limits its
utility as an alternative for deep-seated infections (28, 29). Individualized dosing and
monitoring of linezolid could potentially overcome this limitation of toxicity on the
duration of therapy, especially in patients with renal impairment. This option may be
especially cost-effective with oral linezolid through avoidance of complications asso-
ciated with provision of outpatient parenteral therapy (OPAT) (30, 31).

Renal impairment and end-stage renal disease have been associated with 2- and 3-
to 6-fold increases in the odds of developing thrombocytopenia, respectively, in
patients receiving linezolid (10, 12, 13, 18, 19). In the present analysis, we demonstrate
a 2-fold increase in the risk of thrombocytopenia with an eGFR of �60 ml/min/1.73 m2.
A low platelet count and elevated total bilirubin were associated with a similar magnitude
of increased thrombocytopenia risk, factors that were also identified in the only other
study of linezolid myelosuppression in an American patient population (19).

It is likely that linezolid myelosuppression is exposure dependent and that increased
linezolid exposure is the underlying reason for more frequent toxicity in renal impair-
ment. Trough concentration thresholds of 6.3, 6.53, and 8.2 mg/liter have all been
associated with 50% odds of thrombocytopenia in various studies by logistic regression

TABLE 3 Simulated probability of attaining linezolid trough concentrations associated
with efficacy and toxicity stratified by renal function in study 2

Linezolid dosage
regimen (mg)

Trough level
(mg/liter)

% probability at an eGFR (ml/min) ofa:

<30 30–59 60–89 >90

600 q8h �2 100 100 99 97
�8 90 84 75 52
2–8 10 16 24 45

450 q8h �2 100 99 98 93
�8 80 71 60 35
2–8 20 28 38 58

600 q12h �2 98 86 92 79
�8 65 53 40 19
2–8 33 33 52 60

300g q8h �2 99 97 94 83
�8 58 47 36 15
2–8 41 50 58 68

450 q12h �2 96 93 87 69
�8 49 37 26 10
2–8 47 56 61 59

300 q12h �2 90 83 74 50
�8 26 18 10 3
2–8 64 65 64 47

600 q24h �2 68 54 40 19
�8 13 8 3 1
2–8 55 46 37 18

300 q24h �2 38 26 16 5
�8 2 1 0 0
2–8 36 25 16 5

aThe eGFR was calculated using the CKDEPI equation.
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(21, 23, 25). Additionally, a pharmacokinetic/toxicodynamic model identified a Cmin of
8.06 mg/liter as the threshold associated with a 50% decrease in platelet precursor cells
(24). Other pharmacokinetic/toxicodynamic models have also identified inhibition of
platelet formation, rather than immune-mediated or non-immune-mediated platelet
destruction, as the most likely primary mechanism leading to thrombocytopenia (32,
33). A study by Tsuji and colleagues assessed both inhibition of platelet formation and
stimulation of platelet elimination as explanatory mechanisms of linezolid-induced
thrombocytopenia and estimated that thrombocytopenia occurred via an inhibitory
mechanism in 97% of patients, using a mixture model (33). Importantly, these studies
have also identified renal function to be an important determinant of thrombocytopenia
risk (32, 33).

The single-dose PK of linezolid from 18 healthy volunteers with renal impairment
enrolled in the phase 1 clinical trial suggested dose adjustment was not needed in this
population (6, 7, 9). We opine that a multidose study should have been performed prior
to regulatory approval of the agent to appropriately characterize the PK and toxicity
potential of linezolid and its major metabolites, which accumulate significantly in renal
impairment (9). Multiple postapproval population PK studies using data obtained from
infected patients have consistently found renal function to be one of the most
important predictors of linezolid CL (8, 23, 32–34). Furthermore, we have previously
demonstrated an association between renal impairment (creatinine clearance, �40 ml/
min) and a linezolid Cmin of �7 mg/liter (adjusted odds ratio [aOR], 3.05; 95% CI, 2.23
to 4.15), which is consistent with the findings by Morata and colleagues at the same
eGFR threshold (aOR, 4.27; 95% CI, 1.36 to 13.43) (26, 27).

The population PK model identified in the present work is consistent with those
previously reported in the literature (8, 23, 32–35). Between-subject variability in
linezolid CL was approximately 50% following incorporation of patient-specific covari-
ates, which aligns with values of 30% to 60% reported previously (33). Monte Carlo
simulations determined that a reduced dose of 300 mg every 12 h is required to
decrease the probability of achieving a potentially toxic Cmin of �8 mg/liter among
patients with an eGFR of �60 ml/min. This dose reduction is identical to that identified
in a PK analysis by Sasaki and colleagues for patients with creatinine clearance of
�30 ml/min (32). Notably, the simulated probability of achieving a linezolid Cmin within
the therapeutic range of 2 to 8 mg/liter was only 50% to 65% across dosing regimens
and renal groups; therefore, renal-dose adjustments alone are unlikely to ensure
adequate safety and efficacy of linezolid with prolonged therapy. Additionally, consid-
eration of the severity of a patient’s illness and the MIC of the pathogen is also
important with any empirical antibiotic dose reduction. There are known limitations to
the assessment of renal function in critically ill patients, and subtherapeutic linezolid
exposure has been documented in this population, even with standard empirical
dosing (36, 37). Furthermore, while the therapeutic Cmin range of 2 to 8 mg/liter is
acceptable for the majority of susceptible Gram-positive pathogens, isolates with MICs
of �2 mg/liter may not achieve area under the concentration time curve (AUC)/MIC
ratio or time above the MIC (T � MIC) targets at this threshold.

The use of TDM for patients receiving prolonged courses of linezolid can improve
patient care and is essential to any intervention evaluating empirical dose reduction in
patients with renal impairment (21, 38). We have previously found that TDM-guided
dose modification facilitated resolution of thrombocytopenia and safe continuation of
therapy in one-third of patients who developed toxicity on standard empirical doses
(21). However, expanded use of TDM has the potential to increase total treatment cost
due to the cost of the assay and interpretation, which may not be offset by a decrease
in drug cost from dose reduction. We suggest that empirical dose reduction and TDM
in patients with renal impairment are likely most cost-effective in infections requiring
�14 days of therapy because of the delayed onset of myelosuppression in most
patients and the cost of alternative treatments for these conditions (e.g., OPAT). Further
work to prospectively validate our findings and assess the cost-effectiveness of this
intervention is needed.
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This study has limitations inherent to the retrospective design and potential for
confounding clinical conditions that cannot be excluded. Notably, our data do not
definitively link linezolid exposure and toxicity in patients with renal impairment. The
separate associations demonstrated here between (i) renal impairment and myelosup-
pression and (ii) renal impairment and linezolid exposure are both subject to confound-
ing by indications due to the potential effects of severe infection on the risk of
myelosuppression and eliminating organ function. We used multivariable models to
control for confounding patient and clinical factors; however, the potential for residual
confounding exists. Furthermore, reliance on nominal times of administration and sample
collection based on standards of care may have influenced the observed between-subject
variation in the linezolid PK and led to model misspecification due to deviations from
the sampling protocol in clinical practice. However, our model is consistent with previously
published models, which increases confidence in the results. Prospective validation for
off-label linezolid dosing regimens is a critical next step prior to widespread imple-
mentation. Given the high between-subject variability in linezolid PK, TDM is likely
necessary to ensure optimal therapy across patient populations. In the interim, reap-
praisal of the linezolid label by regulatory agencies for a potential warning of increased
myelosuppression in renal impairment should be advocated based on the existing
body of evidence.

MATERIALS AND METHODS
Data sources. Two independent sources of data were used in the analyses. Study 1 used clinical and

laboratory data from patients treated with linezolid that were obtained retrospectively from a clinical
database (DataDirect) maintained by the University of Michigan, Ann Arbor, MI, USA. Codified patient
data, including demographics, diagnoses, laboratory measurements, medication administrations, and
discharge prescriptions, were obtained from the database. Laboratory and medication data were
associated with exact dates and times, reflecting barcode scanning of inpatient medications and
laboratory collections and electronic prescribing of discharge prescriptions.

Study 2 used linezolid PK data obtained retrospectively from a database maintained at the Institute
of Clinical Pharmacology, Santa Maria della Misericordia University Hospital of Udine, Udine, Italy,
reflecting routine clinical TDM in patients treated at Santa Maria della Misericordia University Hospital of
Udine. Linezolid TDM was available thrice weekly, with quantification of the plasma concentration
performed using a validated high-performance liquid chromatography method with UV detection as
described previously (39). The intra- and interday assay coefficients of variation were �10%, and the
lower limit of quantification was 0.2 mg/liter. According to the protocol, linezolid Cmax is obtained 30
minutes after the end of a 1-h intravenous infusion and 2 h after oral dosing, with Cmin concentrations
obtained 5 min prior to the next dose. The oral suspension is routinely used for dose adjustments, which
allows greater flexibility in the dose than the tablet alone. The dates of linezolid treatment and TDM were
indexed; however, exact times of medication administration and laboratory collection were not available.
All doses were assumed to have been administered exactly as ordered (e.g., every 12 h), with concen-
trations obtained at the times specified by the protocol on the date of TDM. Demographic data, intensive
care unit admission, and serum creatinine measurements were obtained, while other laboratory values
were not consistently available in the database. An estimated glomerular filtration rate was calculated
using the Chronic Kidney Disease Epidemiology Collaboration (CKDEPI) equation for both data sets (40).
Data organization and visualization were performed using R (version 3.4.1) and R Studio (version 1.0.153)
(41).

Patients. The DataDirect database was queried to identify inpatient encounters occurring between
1 January 2007 and 31 August 2018 for study 1. Adult patients (�18 years) treated with intravenous
and/or oral linezolid were eligible for inclusion in toxicity analyses. Patients were excluded if they
received �10 days of total linezolid therapy, defined as the sum of inpatient days and any additional days
of therapy prescribed on discharge. Other reasons for exclusion included (i) a baseline absolute
neutrophil count of �500 cells/�l, (ii) baseline total bilirubin at �5 times the upper limit of normal, (iii)
baseline platelet count of �75 � 103 cells/�l, (iv) baseline hemoglobin of �6.8 g/dl for males or 6 g/dl
for females, (v) missing baseline height/weight or laboratory data, and (vi) no repeat platelet count after
day 10. Baseline was defined as the time of linezolid initiation.

For the PK analyses in study 2, adult patients (�18 years old) treated with intravenous and/or oral
linezolid at Santa Maria della Misericordia University Hospital of Udine with at least one linezolid plasma
concentration measured were eligible for inclusion. Patients were excluded if renal replacement therapy
was provided during linezolid treatment or if covariate data were missing or incomplete. Primary
covariates of interest included demographics (age and sex), body size (height, weight, and BSA), serum
creatinine, and intensive care unit admission.

Toxicity analyses. The outcome of interest in study 1 was the frequency of thrombocytopenia
among patients with and without renal impairment. Renal impairment was defined as an eGFR of
�60 ml/min/1.73 m2 to reflect the threshold at which drug doses are generally adjusted and the cutoff
for reporting exact values of eGFR by clinical laboratories. Thrombocytopenia was defined as a platelet

Linezolid Dosing in Renal Impairment Antimicrobial Agents and Chemotherapy

August 2019 Volume 63 Issue 8 e00605-19 aac.asm.org 7

https://aac.asm.org


count of �112.5 � 103 cells/�l (75% lower limit of normal) at any time during therapy for patients
with platelet counts at or above the lower limit of normal (�150 � 103 cells/�l) at baseline. For
patients with low platelet counts at baseline (75 � 103 to 149 � 103 cells/�l), thrombocytopenia was
defined as a 25% reduction from the baseline value. Severe thrombocytopenia was defined as a platelet
count of �75 � 103 cells/�l for patients with a normal baseline and �50 � 103 cells/�l for those with low
baseline platelet counts, respectively. Patients were classified as having the outcome of thrombocyto-
penia or severe thrombocytopenia at the first occurrence of a measured value below the threshold and
censored thereafter.

Descriptive statistics were calculated using Student’s t test for continuous data and a chi-squared or
Fisher exact test for categorical data as appropriate. The frequency of thrombocytopenia between renal
groups was assessed using Student’s t test. The time to development of thrombocytopenia between
patients with and without renal impairment was assessed visually using Kaplan-Meier curves and
evaluated statistically using the log rank test. Multivariable Cox regression analysis was used to control
for variables with the potential to confound the effect of renal impairment on thrombocytopenia.
Variables with a univariable P value of �0.20 were eligible for inclusion in the final multivariable Cox
regression model. The final multivariable model was selected using forward selection and backward
elimination procedures based on Akaike’s information criterion (AIC). A sensitivity analysis was performed
by repeating these analyses with severe thrombocytopenia, rather than thrombocytopenia, as the outcome
of interest.

Pharmacokinetic analyses. Population PK analyses were performed in study 2 using nonlinear
mixed-effects modeling in NONMEM (version 7.4.3; Icon Development Solutions, Ellicott City, MD, USA)
implemented using Pirana (version 2.9.6). The first-order conditional estimation method with interaction
was used throughout the model development process. Diagnostic plots were created in R using R Studio.

One- and two-compartment structural models with linear, Michaelis-Menten, mixed linear–Michaelis-
Menten, and capacity-limited elimination were considered based on inspection of the data and review
of the literature (8, 35, 42). Continuous time, rather than time since last dose, was used as the
independent variable. Fixed effects were parameterized in terms of CL and V. Between-subject variability
of deviation from the typical values of CL and V (�) was modeled using an exponential function, and
residual variability was assessed using additive, proportional, and additive plus proportional error
models. The base model was selected based on the �2-log-unit likelihood OFV and visual inspection of
diagnostic plots.

Exploratory analysis was performed prior to covariate modeling to examine the distribution of
covariates in the population, as well as the correlation between covariates of interest. Following
identification of the base model, relationships between individual empirical Bayesian estimates of PK
parameters and patient covariates were examined visually. Continuous covariates were centered on their
median values in the population, with covariate-parameter relationships described using linear, power,
or exponential functional forms. Covariates were tested using a forward selection process with a
threshold decrease in OFV of 3.84 (P � 0.05; 1 df) for retention in the model. Nonnested models were
compared using AIC. Following identification of the full covariate model, a backward elimination
procedure was applied with a threshold OFV increase of 10.83 (P � 0.001; 1 df) for covariate retention in
the final model. Standard diagnostic plots were created to evaluate the final covariate-structured model,
including population and individual observed-versus-predicted concentrations, conditional weighted
and individual weighted residuals versus predicted concentration and time since last dose, and histo-
grams of the individual � estimates. The precision of estimated parameters was assessed using the
relative standard error in estimation obtained from the covariance step. A prediction-corrected visual
predictive check was performed using the final covariate-structured model and a 90% prediction interval.

Monte Carlo simulations were performed using the final covariate-structured model to identify pragmatic
potential linezolid dose adjustments for renal impairment. Simulations were performed in NONMEM with
the covariate sets from individual patients included in model building serving as a template for 500
simulated subjects receiving intravenous dosing and 500 simulated subjects receiving oral dosing. Thus,
the total number of simulated subjects was equal to 1,000 times the number of subjects used in model
building. Total daily doses of 300 to 1,800 mg/day were evaluated in increments between 150 and
300 mg in order to reflect pragmatic dose adjustments using the available formulations. Target Cmin

values of �2 mg/liter for efficacy and �8 mg/liter for toxicity were used to reflect current practice in
centers with TDM (27). A linezolid Cmin of �8 mg/liter has been associated with �50% odds of
thrombocytopenia or decrease in platelet precursor cells in prior analyses (21, 23–25). Linezolid activity
is best described by the pharmacokinetic/pharmacodynamic parameter T � MIC or AUC/MIC; however,
a surrogate Cmin value of �2 mg/liter is often used in practice and has been associated with �80%
probability of bacterial eradication (20, 25). Probabilities of target attainment were calculated for each
dosing level among simulated subjects with eGFR values of �30 ml/min, 30 to 59 ml/min, 60 to
89 ml/min, and �90 ml/min.
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